Electric vehicles (EVs) are considered as a new generation of transport to solve the energy crisis. The efficiency of permanent-magnet synchronous machine (PMSM) is an important performance for the energy loss of EVs. Considering the harmonic current caused by the PWM output voltage of inverter, this paper proposes a novel global loss model of PMSM, which can calculate both fundamental loss and harmonic loss. This model precisely estimates the harmonic loss of PMSM by double Fourier integral analysis. Based on the proposed loss model, a maximum efficiency control strategy is presented which can achieve the minimum energy loss in the whole operation range of EVs. The optimum flux-weakening current can be quickly found by the maximum efficiency control, and optimization of energy loss in PMSM direct drive system is verified by theoretical analysis and experimental results.
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Introduction
By necessity of energy diversification, more and more international attention is given to the development of an alternative vehicle to the gasoline-powered car, and the electric vehicles (EVs) have been regarded as the best solution. The important advantages of EVs are the negative aspects of internal combustion engines such as pollution, noise, and smell. The permanent-magnet synchronous machine (PMSM) with potential high efficiency, high power factor, and high power density is one of the best choices for the EV system.
For enjoying the high efficiency performance, the electromagnetic structure of PMSM has received more attention. However, the motor control strategy can also affect the efficiency of the PMSMs droved by power inverters. Hence the loss optimization control algorithm is crucial to achieve the best efficiency of EV propulsion system. Many common vector control strategies have been known for PMSM operation in rated speed, such as i d =0 control [1], unit power factor (UPF) control [2] , maximum torque per ampere (MTPA) control [3] , minimum speed per voltage control (MSPV) and etc. Although the UPF control can make the active power equated with the apparent power, the efficiency of PMSM may not achieve the maximum value. The i d =0 control, MTPA and MSPV can not acquire maximum efficiency as they only pay attention on the optimization of the fundamental loss and elide the harmonic loss.
This paper proposes a global loss model for PMSM in EV which can calculate both the fundamental loss and the harmonic loss. The fundamental loss model is built by the fundamental current in d-axis and q-axis. This research analyses the harmonic component of the PWM output voltage in space vector pulse width modulation (SVPWM) by double Fourier integral analysis, and creates the harmonic loss model for PMSM in the EV. Based on the global loss model, a maximum efficiency control strategy is proposed in this paper, which can acquire the maximum efficiency performance of PMSM in the whole range of operation conditions by optimization both on the fundamental loss and harmonic loss. The loss reduction effect is tested by theoretical analysis and experimental researches.
Maximum Efficiency Control Strategy
Fundamental Loss Model of PMSM
The fundamental loss of PMSM in the EV can be divided into two parts, fundamental copper loss and iron loss. The fundamental copper loss can be calculated by d-axis current and q-axis current as
